DNMT

:   DNA methyltransferase

EGF

:   epidermal growth factor

ERK

:   extracellular signal‐regulated kinase

MEK

:   mitogen‐activated protein kinase kinase

miRNA or miR

:   microRNA

PI3K

:   phosphatidylinositol‐4,5‐bisphosphate 3‐kinase

RT‐PCR

:   reverse transcription polymerase chain reaction

Breast cancer is a major public health concern worldwide. Morbidity and mortality rates of breast cancer in Japan are increasing rapidly, although it is still lower than in most of other advanced countries [1](#feb412256-bib-0001){ref-type="ref"}, [2](#feb412256-bib-0002){ref-type="ref"}. Breast cancer is a complex disease with substantial molecular heterogeneity, and our incomplete molecular understanding of breast cancer most likely leads to this unsatisfactory situation. Recent advances in gene expression profiling have identified six intrinsic molecular subtypes of breast cancer (luminal A, luminal B, ErbB2‐enriched, basal‐like, claudin‐low, and normal‐like) [3](#feb412256-bib-0003){ref-type="ref"}. Pathological biomarkers such as estrogen receptor (ER), progesterone receptor (PgR), ErbB2, Ki‐67, cytokeratins, and epidermal growth factor (EGF) receptor are mainly used in clinical situations to define breast cancer subtypes. ER/PgR‐positive cancer, defined as luminal A or B, is amenable to hormonal therapies such as tamoxifen or aromatase inhibitors and associated with good prognosis. ER/PgR‐negative cancer and ErbB2‐positive cancer, defined as ErbB2‐enriched, are associated with more aggressive disease and poor prognosis in the absence of effective treatment. Although novel ErbB2‐targeted agents have been developed since trastuzumab was first approved, resistance to these ErbB2‐targeted therapies is an important clinical challenge in the management of breast cancer [4](#feb412256-bib-0004){ref-type="ref"}. Therefore, there is a continuing need for the development of additional therapies against ErbB2‐enriched cancer.

MicroRNA (miRNA) are small endogenous noncoding RNA that regulate gene expression mainly at the post‐transcriptional level after binding to specific complementary sequences in the 3′‐untranslated region of the target mRNA. Numerous miRNA have been identified to be aberrantly expressed during breast cancer progression, and are reported to serve as potential biomarkers. miR‐205 is one of the promising biomarkers that negatively correlate with invasion, metastasis, and poor prognosis in breast cancer [5](#feb412256-bib-0005){ref-type="ref"}, [6](#feb412256-bib-0006){ref-type="ref"}, [7](#feb412256-bib-0007){ref-type="ref"}, [8](#feb412256-bib-0008){ref-type="ref"}, [9](#feb412256-bib-0009){ref-type="ref"}. miRNA are categorized into two groups in terms of their genomic location: intergenic and intragenic. Intergenic miRNA are located outside of annotated protein‐coding genes and have their own transcriptional units, whereas intragenic miRNA are located within introns of annotated protein‐coding genes considered as their host genes. Although intragenic miRNA are thought to be transcribed together with the host genes [10](#feb412256-bib-0010){ref-type="ref"}, [11](#feb412256-bib-0011){ref-type="ref"}, there are some reports concluding that intragenic miRNA can also have their own promoters and be transcribed independently [12](#feb412256-bib-0012){ref-type="ref"}, [13](#feb412256-bib-0013){ref-type="ref"}, [14](#feb412256-bib-0014){ref-type="ref"}. It is also reported that miR‐205 is an intragenic miRNA and located in chromosome 1 and between the last intron and the last exon of its host gene, *MIR205HG (LOC642587)*. Although previous analyses demonstrated that miR‐205 could be transcriptionally regulated by both *MIR205HG* promoter and its own proximal promoter [15](#feb412256-bib-0015){ref-type="ref"}, [16](#feb412256-bib-0016){ref-type="ref"}, [17](#feb412256-bib-0017){ref-type="ref"}, [18](#feb412256-bib-0018){ref-type="ref"}, [19](#feb412256-bib-0019){ref-type="ref"}, [20](#feb412256-bib-0020){ref-type="ref"}, it remains unclear how miR‐205 expression is regulated in breast cancer. Not to mention, there are few reports on signaling pathway responsible for miR‐205\'s regulation in breast cancer.

We have previously reported that miR‐205 is downregulated by ErbB2 overexpression and that ectopic transfection of miR‐205 precursor decreases the ErbB2 tumorigenic ability to grow in soft agar [21](#feb412256-bib-0021){ref-type="ref"}. In this study, we further analyzed the mechanisms explaining the link between ErbB2 signaling and miR‐205 downregulation by investigating the downstream pathways of ErbB2 signaling. Here, we demonstrate that ErbB2 signaling epigenetically suppresses miR‐205 transcription via Ras/Raf/MEK/ERK pathway.

Materials and methods {#feb412256-sec-0002}
=====================

Cells {#feb412256-sec-0003}
-----

Nontumorigenic human breast epithelial cell line MCF10A was purchased from ATCC (Manassas, VA, USA) and maintained in Dulbecco\'s modified Eagle\'s medium (DMEM)/F12 supplemented with 5% horse serum, 20 ng·mL^−1^ EGF, 10 μg·mL^−1^ insulin, and 500 ng·mL^−1^ hydrocortisone. DMEM/F12 was purchased from Thermo Fisher Scientific (Waltham, MA, USA), and EGF, insulin, and hydrocortisone were purchased from Sigma (St. Louis, MO, USA). Human breast carcinoma MDA‐MB‐453 cells and SKBR3 cells were kindly provided by Robert I. Glazer in Georgetown University. Human embryonic kidney cell line 293T was kindly provided by Uda in Niigata University of Pharmacology and Applied Life Sciences. MDA‐MB‐453, SKBR3, and 293T cells were maintained in DMEM (Thermo Fisher Scientific) supplemented with 10% fetal bovine serum (Thermo Fisher Scientific).

Retroviral vector construction {#feb412256-sec-0004}
------------------------------

The RafCAAX fragment (\~2.0 kb) was digested out with *Xho*I/*Bam*HI from pCMV‐RafCAAX vector (Takara Bio, Shiga, Japan) and inserted into pMSCV‐neo retroviral vector (Takara Bio) digested with *Xho*I/*Bgl*II to get the retroviral expression vector for RafCAAX (pMSCV‐RafCAAX‐neo). *Xho*I, *Bam*HI, and *Bgl*II were purchased from Roche (Basel, Switzerland).

Retroviral infection {#feb412256-sec-0005}
--------------------

Retroviral infection was performed as described [21](#feb412256-bib-0021){ref-type="ref"}. MSCV retroviruses were prepared by transient cotransfection with pMSCV‐RafCAAX‐neo and amphotropic helper virus, pSV‐A‐MLV into 293T cells, by using calcium phosphate precipitation. MCF10A cells were cultured with fresh retroviral supernatants in the presence of polybrene for 48 h and then subjected to selection by 800 μg·mL^−1^ G418 (Sigma). The resulting cells were termed MCF10A‐RafCAAX.

RNA isolation and real‐time RT‐PCR {#feb412256-sec-0006}
----------------------------------

Total RNA was isolated with RNAiso Plus (Takara Bio) following the manufacturer\'s instruction. For the quantitation of mRNA, 2 μg of the total RNA were reverse‐transcribed using High Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific), and subsequently, the PCR amplifications were performed in reaction volumes of 20 μL containing 10 μL SYBR *Premix Ex Taq* II (Perfect Real Time) (Takara Bio), 0.4 μ[m]{.smallcaps} forward and reverse primers, and 5 μL template cDNA using MJ‐Mini thermal cycler combined with the MiniOpticon Real‐Time PCR detection system (Bio‐Rad, San Francisco, CA, USA). The following primers were used: MIR205HG (forward: 5′‐TTTCACCATGTTGCCCAGAC‐3′; reverse: 5′‐AAAGAACATGAGGCCGGATG‐3′) and β‐actin (forward: 5′‐ATTGCCGACAGGATGCAGA‐3′; reverse: 5′‐GAGTACTTGCGCTCAGGAGGA‐3′). The thermal cycling conditions were an initial denaturation step at 95 °C for 10 s, followed by 40 cycles at 95 °C for 10 s and 60 °C for 30 s. Dissociation curve analysis was also performed for all the samples following the completion of amplification to rule out the presence of nonspecific amplifications. The expression value for MIR205HG was normalized to β‐actin. For the quantitation of miRNA, 10 ng of the total RNA was reverse‐transcribed using TaqMan MicroRNA Reverse Transcription Kit (Thermo Fisher Scientific) with specific primers for hsa‐miR‐205‐5p and RNU48 \[TaqMan MicroRNA assays (Thermo Fisher Scientific), Assay ID: 000509 (hsa‐miR‐205‐5p); 001006 (RNU48)\]. Subsequently, the PCR amplifications were performed in reaction volumes of 20 μL containing 10 μL TaqMan 2X Universal PCR Master Mix, No AmpErase UNG (Thermo Fisher Scientific), 1 μL 20X TaqMan MicroRNA Assay mix (Thermo Fisher Scientific), and 1.33 μL template cDNA using MJ‐Mini thermal cycler combined with the MiniOpticon Real‐Time PCR detection system (Bio‐Rad). The thermal cycling conditions were a hot start step at 95 °C for 10 min, followed by 40 cycles at 95 °C for 15 s and 60 °C for 1 min. Relative miRNA expression of miR‐205 was normalized against the endogenous control, RNU48, using the comparative delta‐delta CT method. Bio‐Rad [cfx manager]{.smallcaps} Software was used for quantitation analysis.

Western blotting {#feb412256-sec-0007}
----------------

Total whole‐cell lysates were separated by SDS/PAGE and transferred electrophoretically to a 0.2‐μm PVDF membrane. After blocked with 5% dry milk in 0.05% PBST (0.05% Tween 20 in PBS), the membranes were probed with the specific primary antibodies. The appropriate HRP‐conjugated secondary antibodies were subsequently used and immunodetection was performed using the SuperSignal West Femto Maximum Sensitivity Substrate (Thermo Fisher Scientific), followed by fluorescence detection by using ChemiDoc XRS‐J image analysis system (Bio‐Rad). Bio‐Rad [quantityone]{.smallcaps} software was used for densitometric analysis. The following antibodies were used: 53, a mouse monoclonal antibody to Raf‐1 (BD Biosciences, San Diego, CA, USA); H‐300, a rabbit polyclonal antibody to DNMT1 (Santa Cruz Biotechnology, Dallas, TX, USA); H‐295, a rabbit polyclonal antibody to DNMT3a (Santa Cruz Biotechnology); H‐230, a rabbit polyclonal antibody to DNMT3b (Santa Cruz Biotechnology); c‐ErbB2 (Oncogene Research Products, San Diego, CA, USA); ab4767, a rabbit polyclonal antibody to Raf1 (phospho‐S621) (Abcam, Cambridge, UK); L38C12, a mouse monoclonal antibody to MEK1/2 (Cell Signaling Technology, Danvers, MA, USA); 41G9, a rabbit monoclonal antibody to phospho‐MEK1/2 (Cell Signaling Technology); L34F12, a mouse monoclonal antibody to p44/42 MAPK (Erk1/2) (Cell Signaling Technology); D13.14.4E, a rabbit monoclonal antibody to phospho‐p44/42 MAPK (Erk1/2) (Cell Signaling Technology); MAB1501, a mouse monoclonal antibody to actin (Millipore, Billerica, MA, USA), as a protein loading control; and horseradish peroxidase‐conjugated goat antibodies to mouse and rabbit IgG (Santa Cruz Biotechnology).

Signaling pathway inhibition and DNA demethylation {#feb412256-sec-0008}
--------------------------------------------------

For signaling pathway inhibition experiments, cells were treated with vehicle (0.1% DMSO) or PI3K inhibitor LY294002 (50 μ[m]{.smallcaps}) (Promega, Madison, WI, USA), p38 MAPK inhibitor SB203580 (10 μ[m]{.smallcaps}) (Promega), MEK inhibitor U0126 (10 μ[m]{.smallcaps}) (Promega), PD98059 (20 μ[m]{.smallcaps}) (Promega), Raf‐1 kinase inhibitor ZM‐336372 (1‐5 μ[m]{.smallcaps}) (Enzo Life Sciences, Farmingdale, NY, USA), or ERK inhibitor SCH772984 (1 μ[m]{.smallcaps}) (AdooQ BioScience, Irvine, CA, USA) for 48 h. For DNA demethylation experiments, cells were treated with vehicle (0.1% ethanol) or 5 μ[m]{.smallcaps} 5‐aza‐2′‐deoxycytidine (Sigma) for 48 h.

Bisulfite sequencing analysis {#feb412256-sec-0009}
-----------------------------

Genomic DNA was purified from MCF10A‐ErbB2, MCF10A‐RafCAAX, or MCF10A‐neo cells by using DNeasy Blood & Tissue kit (Qiagen, Hilden, Germany). Bisulfite conversion of cytosine to uracil of the genomic DNA was performed with EpiTect Bisulfite kit (Qiagen) following the manufacturer\'s instruction. After cleanup of the bisulfite‐converted DNA, PCR was performed with the following primers: promoter A (forward: 5′‐TTAAATGTTAGGATAAGTTTTTGGTTG‐3′; reverse: 5′‐AACCTTACACCTAAAACCTTAATCCT‐3′) and promoter B (forward: 5′‐GGAGGTATGGAGTTGATAATTATGAG‐3′; reverse: 5′‐ACTATCTCTATTCCTAAATCAAAATTACTC‐3′). The PCR amplifications were performed in reaction volumes of 20 μL containing 2 μL 10 × EpiTaq PCR buffer Mg^2+^ free), 0.4 μ[m]{.smallcaps} forward and reverse primers, 0.3 m[m]{.smallcaps} dNTP mixture, 2.5 m[m]{.smallcaps} MgCl~2~, 0.025 U·μL^−1^ TaKaRa EpiTaq HS (Takara Bio), and 2 μL template genomic DNA using MJ‐Mini thermal cycler. The thermal cycling conditions were an initial denaturation step at 95 °C for 10 min, followed by 45 cycles at 95 °C for 30 s, 55 °C for 30 s and 72 °C for 30 s, and final extension at 72 °C for 10 min. The final PCR products were cloned into the T‐Vector pMD20 (Takara Bio), and about 10 clones per promoter were sequenced by Sigma‐Genosys (The Woodlands, TX, USA). The DNA methylation level was scored as percentage methylation of individual CpG units by using Quma (<http://quma.cdb.riken.jp/>).

Reporter plasmid construction and reporter assay {#feb412256-sec-0010}
------------------------------------------------

Genomic DNA was purified from MCF10A cells by using DNeasy Blood & Tissue kit (Qiagen). PCR was performed with the following primers: promoter A (forward: 5′‐TTAAATGCCAGGATAAGCCTCTGGCTG‐3′; reverse: 5′‐AGCCTTGCACCTGAAGCCTTAGTCCT‐3′) and promoter B (forward: 5′‐GGAGGCATGGAGCTGACAACCATGAG‐3′, reverse: 5′‐CTGTCTCTATTCCTAAGTCAGAGTTACTC‐3′). The PCR amplifications were performed in reaction volumes of 50 μL containing 10 μL 5 × PrimeSTAR buffer (Mg^2+^ plus), 0.3 μ[m]{.smallcaps} forward and reverse primers, 0.2 m[m]{.smallcaps} dNTP mixture, 4% DMSO, 0.025 U μL^−1^ PrimeSTAR HS DNA polymerase (Takara Bio), and 5 μL template genomic DNA using MJ‐Mini thermal cycler. The thermal cycling conditions were as follows: 30 cycles of denaturation at 98 °C for 10 s, annealing at 55 °C for 5 s, and extension at 72 °C for 20 s. The final PCR products were inserted into pGL4.14 vector (Promega) digested with *Eco*RV (Roche). The constructed reporter plasmids were transfected using Lipofectamine 3000 reagent (Thermo Fisher Scientific) into MCF10A‐ErbB2, MCF10A‐RafCAAX, or MCF10A‐neo cells, together with pGL4.74 *Renilla* luciferase plasmid (Promega). At 36 h post‐transfection, cells were lysed in Passive Lysis Buffer (Promega), and firefly and *Renilla* luciferase reporter activities were determined. The relative firefly luciferase activities were calculated by normalizing transfection efficiencies according to the *Renilla* luciferase activities.

Results {#feb412256-sec-0011}
=======

Inhibition of Ras/Raf/MEK/ERK signaling increases miR‐205 expression in ErbB2‐overexpressing breast epithelial cells {#feb412256-sec-0012}
--------------------------------------------------------------------------------------------------------------------

We previously reported that downregulation of miR‐205 may be the key event for ErbB2‐induced breast tumorigenesis, but it remains to be determined how ErbB2 signaling can downregulate miR‐205. Thus, we examined the effects of ErbB2 signaling pathway inhibitors on miR‐205 expression in ErbB2‐overexpressing breast epithelial cells in order to determine which ErbB2 downstream pathway is critical for the miR‐205 downregulation. ErbB2‐overexpressing breast epithelial cells were cultured in DMEM/F12 supplemented with 5% horse serum, 20 ng·mL^−1^ EGF, 10 μg·mL^−1^ insulin, and 500 ng·mL^−1^ hydrocortisone for 24 h and then subjected to inhibitor treatment by PI3K inhibitor LY294002, p38 MAPK inhibitor SB203580, MEK inhibitor U0126, PD98059, or vehicle (DMSO). After 48 h, total RNA was purified from the cells and analyzed for miR‐205 expression by real‐time quantitative RT‐PCR. As a result, MEK inhibitors U0126 and PD98059 significantly increased miR‐205 expression in ErbB2‐overexpressing breast epithelial cells compared with vehicle condition, whereas PI3K inhibitor LY294002 and p38 MAPK inhibitor SB203580 had no increasing effects (Fig. [1](#feb412256-fig-0001){ref-type="fig"}A). In order to further confirm this observation, we next treated cells with ZM‐336372 (1--5 μ[m]{.smallcaps}), which is a specific inhibitor of Raf‐1, the upstream activator of MEK, or SCH772984 (1 μ[m]{.smallcaps}), which is a specific inhibitor of ERK, the downstream effector of MEK. As we had expected, both ZM‐336372 and SCH772984 significantly increased the expression of miR‐205 in ErbB2‐overexpressing breast epithelial cells (Fig. [1](#feb412256-fig-0001){ref-type="fig"}B). We also obtained the similar results using other ErbB2‐overexpressing breast cancer cell lines (Fig. [S1](#feb412256-sup-0001){ref-type="supplementary-material"}), MDA‐MB‐453 and SKBR3 in both of which miR‐205 expression was reduced compared with MCF10A (Fig. [1](#feb412256-fig-0001){ref-type="fig"}C,D). We also confirmed the effects of those inhibitors on Raf/MEK/ERK phosphorylation by western blotting (Figs [S2](#feb412256-sup-0001){ref-type="supplementary-material"}--[S4](#feb412256-sup-0001){ref-type="supplementary-material"}). Together, these data indicate that ErbB2 signaling decreases miR‐205 expression through Ras/Raf/MEK/ERK signaling pathway.

![Expression of miR‐205 in MCF10A‐ErbB2, SKBR3, and MDA‐MB‐453 cells treated with ErbB2 signaling pathway inhibitors. Real‐time quantitative RT‐PCR analysis of miR‐205 expression in MCF10A‐ErbB2, SKBR3, and MDA‐MB‐453 cells treated with the indicated inhibitors. (A, D) Cells were treated with PI3K inhibitor LY294002 (50 μ[m]{.smallcaps}), p38 MAPK inhibitor SB203580 (10 μ[m]{.smallcaps}), MEK inhibitor U0126 (10 μ[m]{.smallcaps}), or PD98059 (20 μ[m]{.smallcaps}) for 48 h. (B, D) Cells were treated with Raf‐1 kinase inhibitor ZM‐336372 (1--5 μ[m]{.smallcaps}) or ERK inhibitor SCH772984 (1 μ[m]{.smallcaps}) for 48 h. Data are normalized to DMSO control and represented as mean ± SEM of three independent experiments. \**P* \< 0.05, \*\**P* \< 0.01 by Student\'s *t*‐test compared with DMSO. (C) Analysis in MCF10A, SKBR3, and MDA‐MB‐453 cells Data are mean ± SEM of three independent experiments. \**P* \< 0.01 by Student\'s *t*‐test compared with MCF10A.](FEB4-7-1154-g001){#feb412256-fig-0001}

Overexpression of RafCAAX decreases miR‐205 expression in breast epithelial cells, and inhibition of ERK increases miR‐205 expression in RafCAAX‐overexpressing cells {#feb412256-sec-0013}
---------------------------------------------------------------------------------------------------------------------------------------------------------------------

We next established breast epithelial cells stably overexpressing RafCAAX, a constitutively active form of Raf‐1. We constructed the retroviral vector expressing RafCAAX (pMSCV‐RafCAAX‐neo) as described in [Materials and methods](#feb412256-sec-0002){ref-type="sec"}, and nontumorigenic human breast epithelial cells, MCF10A, were infected by the retroviruses and subsequently subjected to antibiotics selection using G418. The sequences of pMSCV‐RafCAAX‐neo were confirmed by DNA sequencing analysis performed by Sigma‐Genosys. Western blotting analysis showed that the G418‐selected MCF10A cells exhibited overexpression of the active form of Raf‐1 as well as ErbB2‐overexpressing cells (Fig. [2](#feb412256-fig-0002){ref-type="fig"}A). We next examined whether overexpressing RafCAAX could affect the expression of miR‐205. As a result of the quantitative RT‐PCR analysis, miR‐205 was reduced by about 95% in expression in RafCAAX‐overexpressing cells compared with vector control stable cells established before as described [21](#feb412256-bib-0021){ref-type="ref"} (Fig. [2](#feb412256-fig-0002){ref-type="fig"}B). Moreover, treatment with PD98059, U0126, ZM‐336372, and SCH772984 significantly increased the expression of miR‐205 in RafCAAX‐overexpressing breast epithelial cells, but not in control MCF10A‐neo cells (Fig. [2](#feb412256-fig-0002){ref-type="fig"}C). However, the increasing effects of ZM‐336372 were not so striking in MCF10A‐ErbB2 and MCF10A‐RafCAAX cells compared with those of SCH772984. We previously reported that ErbB2 siRNA transfection in MCF10A‐ErbB2 cells decreased ErbB2 expression by 80% but increased miR‐205 expression by just twofold [21](#feb412256-bib-0021){ref-type="ref"}. ZM‐336372 treatment increased miR‐205 expression at least to a similar extent as ErbB2 siRNA transfection. Moreover, SCH772984 treatment inhibited Raf phosphorylation as well as ERK phosphorylation in MCF10A‐ErbB2 and MCF10A‐RafCAAX cells (Figs [S4](#feb412256-sup-0001){ref-type="supplementary-material"}, [S5](#feb412256-sup-0001){ref-type="supplementary-material"}). This may explain that SCH772984 showed larger effects in MCF10A‐ErbB2 and MCF10A‐RafCAAX cells. SCH772984 showed smaller effects in SKBR3 and MDA‐MB‐453 cells in which SCH772984 did not show inhibitory effects of Raf phosphorylation (Fig. [S5](#feb412256-sup-0001){ref-type="supplementary-material"}).

![Expression of miR‐205 in MCF10A‐RafCAAX cells treated with ERK inhibitor. (A) Western blot analysis of MCF10A‐RafCAAX,MCF10A‐ErbB2, and MCF10A‐neo cells with anti‐Raf‐1 antibodies. β‐Actin was used as a control for loading. (B) Real‐time quantitative RT‐PCR analysis of miR‐205 expression in MCF10A‐RafCAAX and MCF10A‐neo cells. Data are mean ± SEM of three independent experiments. (C) Real‐time quantitative RT‐PCR analysis of miR‐205 expression in MCF10A‐neo and MCF10A‐RafCAAX cells treated with MEK inhibitor U0126 (10 μ[m]{.smallcaps}) or PD98059 (20 μ[m]{.smallcaps}), Raf1 kinase inhibitor ZM‐336372 (1 μ[m]{.smallcaps}), or ERK inhibitor SCH772984 (1 μ[m]{.smallcaps}) for 48 h. Data are mean ± SEM of three independent experiments. \**P* \< 0.01 by Student\'s *t*‐test compared with MCF10A‐neo.](FEB4-7-1154-g002){#feb412256-fig-0002}

ErbB2 signaling via Ras/Raf/MEK/ERK pathway decreases miR‐205 expression by DNA methylation {#feb412256-sec-0014}
-------------------------------------------------------------------------------------------

We next examined how ErbB2 signaling downregulated miR‐205 expression via Ras/Raf/MEK/ERK pathway. Previous studies showed that *ERBB2* amplification frequently associates with DNA hypermethylation in human breast cancers [22](#feb412256-bib-0022){ref-type="ref"}. Other studies also have shown a number of hypermethylated genes in ErbB2‐positive breast cancer cells [23](#feb412256-bib-0023){ref-type="ref"}, [24](#feb412256-bib-0024){ref-type="ref"}, [25](#feb412256-bib-0025){ref-type="ref"}. In addition, DNA hypermethylation‐associated repression of tumor suppressor genes has been reported to be essential for Ras‐mediated transformation [26](#feb412256-bib-0026){ref-type="ref"}, [27](#feb412256-bib-0027){ref-type="ref"}, [28](#feb412256-bib-0028){ref-type="ref"}, [29](#feb412256-bib-0029){ref-type="ref"}. On the other hand, accumulating evidence shows that miRNA can be deregulated by epigenetic alterations such as aberrant DNA methylation in human cancer, including breast cancer [30](#feb412256-bib-0030){ref-type="ref"}, [31](#feb412256-bib-0031){ref-type="ref"}, [32](#feb412256-bib-0032){ref-type="ref"}, [33](#feb412256-bib-0033){ref-type="ref"}, [34](#feb412256-bib-0034){ref-type="ref"}, [35](#feb412256-bib-0035){ref-type="ref"}, [36](#feb412256-bib-0036){ref-type="ref"}, [37](#feb412256-bib-0037){ref-type="ref"}, [38](#feb412256-bib-0038){ref-type="ref"}, [39](#feb412256-bib-0039){ref-type="ref"}. Therefore, to test whether epigenetic alterations affect expression of miR‐205, we treated cells with DNA methyltransferase (DNMT) inhibitor 5‐aza‐2′‐deoxycytidine. As a result, 5‐aza‐2′‐deoxycytidine treatment significantly increased miR‐205 expression by about 11.8‐fold in ErbB2‐overexpressing cells and 6.8‐fold in RafCAAX‐overexpressing cells, but did not alter miR‐205 expression in vector control cells (Fig. [3](#feb412256-fig-0003){ref-type="fig"}A). These findings indicate that expression of miR‐205 could be downregulated by promoter hypermethylation.

![Effects of DNA demethylation on miR‐205 expression and expression of DNMT family in MCF10A‐neo, MCF10A‐ErbB2, and MCF10A‐RafCAAX cells. (A) Real‐time quantitative RT‐PCR analysis of miR‐205 in MCF10A‐RafCAAX,MCF10A‐ErbB2, and MCF10A‐neo cells treated with the DNA methylation inhibitor. Cells were treated with 5‐aza‐2′‐deoxycytidine (5 μ[m]{.smallcaps}) for 48 h. Data are normalized to vehicle control and represented as mean ± SEM of three independent experiments. \**P* \< 0.01 by Student\'s *t*‐test compared with vehicle. (B) Western blot analysis of MCF10A‐RafCAAX,MCF10A‐ErbB2, and MCF10A‐neo cells, with antibodies for the indicated proteins. β‐Actin was used as a control for loading. (C) Western blot analysis of ZM‐336372‐treated MCF10A‐ErbB2 and MCF10A‐RafCAAX cells, with antibodies for the indicated proteins. β‐Actin was used as control for loading. Numbers below bands indicate the relative levels of DNMT1, 3a, or 3b normalized to β‐actin, calculated assuming level of untreated cells equal 1, as determined by densitometric analysis.](FEB4-7-1154-g003){#feb412256-fig-0003}

We next examined whether expression of DNA methylation‐related proteins, DNMT1, DNMT3a, DNMT3b, could be affected by ErbB2 signaling via Ras/Raf/MEK/ERK pathway in breast epithelial cells. As a result, in both ErbB2‐overexpressing and RafCAAX‐overexpressing cells, expression of all DNMT family proteins was increased compared with vector control cells (Fig. [3](#feb412256-fig-0003){ref-type="fig"}B). Moreover, ZM‐336372 treatment reduced expression of all DNMT family proteins in both ErbB2‐overexpressing and RafCAAX‐overexpressing cells (Fig. [3](#feb412256-fig-0003){ref-type="fig"}C).

ErbB2 signaling via Ras/Raf/MEK/ERK pathway induces DNA hypermethylation of promoters of both miR‐205 itself and its host gene {#feb412256-sec-0015}
------------------------------------------------------------------------------------------------------------------------------

In order to further confirm this observation, we analyzed DNA methylation levels of the CpG‐rich regions in both the promoter of MIR205HG and the proximal promoter of miR‐205 by using bisulfite sequencing (Fig. [4](#feb412256-fig-0004){ref-type="fig"}A). We chose the promoter regions in our analysis as suggested by previous studies [18](#feb412256-bib-0018){ref-type="ref"}, [20](#feb412256-bib-0020){ref-type="ref"}. As a result, the bisulfite sequencing revealed increased methylation level in promoter A at CpG sites 2, 4, 6--7 and in promoter B at CpG sites 3--6 in ErbB2‐overexpressing and RafCAAX‐overexpressing cells compared with vector control cells (Fig. [4](#feb412256-fig-0004){ref-type="fig"}B,C). In order to further corroborate these results, we also examined the expression of MIR205HG in the same conditions in which miR‐205 repression was seen. As a result, MIR205HG expression was significantly reduced in both ErbB2‐overexpressing and RafCAAX‐overexpressing cells compared with vector control cells (Fig. [4](#feb412256-fig-0004){ref-type="fig"}D). In addition, 5‐aza‐2′‐deoxycytidine treatment significantly increased MIR205HG expression in both ErbB2‐overexpressing and RafCAAX‐overexpressing cells (Fig. [4](#feb412256-fig-0004){ref-type="fig"}E). Thus, our data indicate that ErbB2 signaling via Ras/Raf/MEK/ERK pathway suppresses miR‐205 transcription through inducing DNA hypermethylation of promoters of both miR‐205 itself and its host gene in breast epithelial cells.

![ErbB2 signaling via Ras/Raf/MEK/ERK pathway induces hypermethylation of miR‐205 promoters. (A) Graphical depiction of the *MIR205* host gene (*MIR205HG*). Blue two‐way arrows indicate the promoter regions analyzed by bisulfite sequencing (A: *MIR205HG*, B: *MIR205*). Red bent arrows indicate the putative transcription start sites (TSS) of *MIR205HG* and *MIR205* genes. Blue rectangles represent exons of the *MIR205HG* gene. Green rectangle represents the *MIR205* locus. (B, C) Bisulfite sequencing analysis of promoter A (B) and promoter B (C). White circles indicate nonmethylated cytosine and black circles indicate methylated cytosine at individual CpG sites. The graphs show the percentage of methylation at individual CpG sites. (D) Real‐time quantitative RT‐PCR analysis of MCF10A‐RafCAAX,MCF10A‐ErbB2, and MCF10A‐neo cells for MIR205HG. Data are mean ± SEM of three independent experiments. \**P* \< 0.01 by Student\'s *t*‐test. (E) Real‐time quantitative RT‐PCR analysis of MIR205HG in MCF10A‐RafCAAX,MCF10A‐ErbB2, and MCF10A‐neo cells treated with DNA methylation inhibitor. Cells were treated with 5‐aza‐2′‐deoxycytidine (5 μ[m]{.smallcaps}) for 48 h. Data are normalized to vehicle control and represented as mean ± SEM of six independent experiments. \**P* \< 0.01 by Student\'s *t*‐test compared with vehicle.](FEB4-7-1154-g004){#feb412256-fig-0004}

We further performed luciferase reporter assays to confirm that ErbB2 signaling via Ras/Raf/MEK/ERK pathway suppresses the activity of miR‐205 promoters. We transfected cells with the reporter plasmids containing either the MIR205HG promoter or the miR‐205 proximal promoter, and analyzed the reporter activities using a dual luciferase detection system. The luciferase activities of the two reporter plasmids were decreased about 50% in both ErbB2‐overexpressing and RafCAAX‐overexpressing cells compared with vector control cells (Fig. [5](#feb412256-fig-0005){ref-type="fig"}A,B). Therefore, these data suggest that ErbB2 signaling via Ras/Raf/MEK/ERK pathway regulates the miR‐205 promoters' activity by altering the DNA methylation level in miR‐205 promoters.

![Luciferase reporter analysis of the *miR‐205* promoters. MCF10A‐RafCAAX,MCF10A‐ErbB2, and MCF10A‐neo cells were transiently cotransfected with pGL4.74 *Renilla* luciferase plasmid and reporter plasmid of promoter A (A) or with pGL4.74 *Renilla* luciferase plasmid and reporter plasmid of promoter B (B). At 36 h post‐transfection, luciferase activities were measured. Data are normalized to pGL4.74 *Renilla* luciferase plasmid control and represented as mean ± SEM of three independent experiments. \**P* \< 0.01 by Student\'s *t*‐test compared with MCF10A‐neo.](FEB4-7-1154-g005){#feb412256-fig-0005}

Discussion {#feb412256-sec-0016}
==========

Downstream effectors of proto‐oncogenes can be potential therapeutic targets for cancer treatment. In terms of ErbB2 downstream effectors, mTOR inhibitor, everolimus, is approved in many countries for advanced hormone receptor‐positive, ErbB2‐negative breast cancer in combination with exemestane. In BOLERO‐3, addition of everolimus to trastuzumab plus vinorelbine significantly prolongs progression‐free survival compared with placebo in patients with trastuzumab‐resistant and taxane‐pretreated, ErbB2‐positive, advanced breast cancer [40](#feb412256-bib-0040){ref-type="ref"}. We previously reported that miR‐205 might be one of the critical downstream effectors of ErbB2‐induced breast tumorigenesis. Here, we further investigated this hypothesis by analyzing the downstream signaling pathways of ErbB2. In this study, we showed that the inhibitors of Raf‐1, MEK, and ERK significantly increased miR‐205 expression in ErbB2‐overexpressing breast epithelial cells compared with vehicle condition. Moreover, RafCAAX‐overexpressing breast epithelial cells we established in this study showed 95% decrease in miR‐205 expression compared with vector control cells. We also showed that ERK inhibitor significantly increased miR‐205 expression in RafCAAX‐overexpressing cells. Our results suggest that Ras/Raf/MEK/ERK pathway plays a key role in miR‐205 downregulation.

Ras/Raf/MEK/ERK or PI3K/Akt/mTOR pathway is reported to be the main downstream signaling pathway inhibited by trastuzumab [41](#feb412256-bib-0041){ref-type="ref"}, [42](#feb412256-bib-0042){ref-type="ref"}. Activation of ErbB2 downstream signaling pathways PI3K/AKT/mTOR and Ras/Raf/MEK/ERK contributes to trastuzumab resistance in ErbB2‐positive cancer cells. *PIK3CA* mutation or *PTEN* mutation is implicated in trastuzumab resistance via PI3K/Akt/mTOR pathway activation [43](#feb412256-bib-0043){ref-type="ref"}, [44](#feb412256-bib-0044){ref-type="ref"}. Elevation of IGF‐1R signaling also contributes to trastuzumab resistance, activating the Ras/Raf/MEK/ERK and PI3K/Akt/mTOR pathways [41](#feb412256-bib-0041){ref-type="ref"}, [45](#feb412256-bib-0045){ref-type="ref"}. Merry *et al*. recently reported that S100P activates the Ras/Raf/MEK/ERK pathway to compensate for ErbB2 inhibition by trastuzumab [46](#feb412256-bib-0046){ref-type="ref"}. Based on these previous findings and our findings, miR‐205 reduction by ErbB2‐downstream Ras/Raf/MEK/ERK signaling might be responsible for trastuzumab resistance. Moreover, miR‐205 upregulation by Ras/Raf/MEK/ERK pathway inhibitors was also seen in MDA‐MB‐453, the cell line with *ErbB2* amplification [47](#feb412256-bib-0047){ref-type="ref"} and concurrent *PTEN* and *PIK3CA* mutations [48](#feb412256-bib-0048){ref-type="ref"}, [49](#feb412256-bib-0049){ref-type="ref"}. As MDA‐MB‐453 cells are intrinsically resistant to trastuzumab [50](#feb412256-bib-0050){ref-type="ref"}, [51](#feb412256-bib-0051){ref-type="ref"} and resistant to everolimus [49](#feb412256-bib-0049){ref-type="ref"}, miR‐205 might be a valuable therapeutic target for trastuzumab‐resistant and everolimus‐resistant breast cancer.

Previous reports indicate that miR‐205 expression is possibly epigenetically regulated in cancer cells such as hepatoma, prostate, bladder, and breast cancer [15](#feb412256-bib-0015){ref-type="ref"}, [17](#feb412256-bib-0017){ref-type="ref"}, [18](#feb412256-bib-0018){ref-type="ref"}, [19](#feb412256-bib-0019){ref-type="ref"}, [20](#feb412256-bib-0020){ref-type="ref"}. Therefore, we also examined whether miR‐205 expression can be epigenetically modulated by ErbB2 signaling via Ras/Raf/MEK/ERK pathway in breast epithelial cells. Our data obtained in this study allow us to conclude that ErbB2 signaling via Ras/Raf/MEK/ERK pathway suppresses miR‐205 transcription through inducing DNA hypermethylation of the promoters of both miR‐205 itself and its host gene. There are reports that miR‐205 transcription is regulated by both MIR205HG promoter and miR‐205\'s own proximal promoter [14](#feb412256-bib-0014){ref-type="ref"}, [15](#feb412256-bib-0015){ref-type="ref"}, [17](#feb412256-bib-0017){ref-type="ref"}, [18](#feb412256-bib-0018){ref-type="ref"}, [20](#feb412256-bib-0020){ref-type="ref"}. Therefore, we examined the methylation status of these two promoters and found that both promoters were hypermethylated in ErbB2‐overexpressing and in RafCAAX‐overexpressing cells. Based on our data, one of the possible mechanisms considered is that ErbB2 signaling via Ras/Raf/MEK/ERK pathway leads to promoter hypermethylation by inducing DNMT family proteins (Fig. [6](#feb412256-fig-0006){ref-type="fig"}). However, further analysis needs to be conducted for understanding more details.

![Schematic representation showing downregulation of miR‐205 by ErbB2 signaling via Ras/Raf/MEK/ERK pathway. ErbB2 signaling via Ras/Raf/MEK/ERK pathway leads to hypermethylation of the CpG‐rich regions of the promoters of *MIR205HG* and *MIR205* by inducing DNMT family, resulting in downregulation of miR‐205 expression.](FEB4-7-1154-g006){#feb412256-fig-0006}

We finally want to emphasize that ErbB2 signaling suppresses miR‐205 transcription via Ras/Raf/MEK/ERK pathway. This observation provides novel insights into signaling pathway responsible for miR‐205\'s regulation in breast cancer.
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**Fig. S1.** ErbB2 expression in MCF10A, SKBR3 and MDA‐MB‐453 cells.

**Fig. S2.** Effects of PD98059 or U0126 in MCF10A‐ErbB2, MCF10A‐RafCAAX, MDA‐MB‐453 and SKBR3 cells.

**Fig. S3.** Effects of ZM‐336372 in MCF10A‐ErbB2, MCF10A‐RafCAAX, MDA‐MB‐453 and SKBR3 cells.

**Fig. S4.** Effects of SCH772984 on ERK phosphorylation in MCF10A‐ErbB2, MCF10A‐RafCAAX, MDA‐MB‐453 and SKBR3 cells.

**Fig. S5.** Effects of SCH772984 on c‐Raf phosphorylation in MCF10A‐ErbB2, MCF10A‐RafCAAX, MDA‐MB‐453 and SKBR3 cells.
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